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PREFACE 

This semiannual progress report focuses on research efforts and re­
sults for the first half of FY 1982 in the Ethanol Production via Fungal 
Decomposition and Fermentation of Biomass program at Argonne National Labora-
j^^^ This work is sponsored and funded by the U.S. Department of Energy 
(DOE) through the Solar Energy Research Institute (SERI). 
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ETHANOL PRODUCTION 
VIA FUNGAL DECOMPOSITION AND 

FERMENTATION OF BIOMASS 

SEMIANNUAL PROGRESS REPORT, 
OCTOBER 1981-MARCH 1982 

Antonios A. Antonopoulos and Edward G. Wene 

ABSTRACT 

During the first half of FY 1982, a few additional 
Fusarium isolates were obtained and screened for their cel-
lulolytic and fermenting abilities. Experiments with an 
isolate from Fusarium strain ANL 22-760 showed that cel­
lulose was the best inducer of FPase and CMCase, while glu­
cose, lactose, and xylose almost completely inhibited cel­
lulase production. Tests with Fusarium strain ANL 11182 in­
dicated that a cellulase production of 2.5 lU/mL in 14 days 
was obtained at 28°C in a medium of 1% cellulose and in the 
presence of 0.7 mg/mL extracellular protein. Increasing the 
nitrogen content of the medium stimulated cell growth but 
decreased cellulase production. The ratio of CMCase to 
FPase remained nearly constant at about 10:1 during ferment­
ations with varying concentrations of cellulose and nitrogen 
sources. Several of the new isolates and mutants, when 
screened for their fermenting ability in glucose, produced 
ethanol at a conversion efficiency close to that achieved in 
yeast fermentations. Fermentations of 1% glucose by iso­
lates from strain ANL 99A-78 repeatedly produced 4.3 mg/mL 
ethanol within 48 hours. A few of the new, isolate^s and mu­
tants produced, in consecutive fermentations of U xylose, 
up to 4.2 mg/mL ethanol within 48 hours. Addition of glu­
cose to higher concentrations of xylose increased the yield 
of ethanol. 

1 EXECUTIVE SUMMARY 

Many microorganisms are able to hydrolyze cellulose and hemicellulose, 
and many others can ferment simple sugars to ethanol. Relatively few, how­
ever, are capable of performing all the steps necessary to convert biomass to 
ethanol. Recorded evidence indicates that selected Fusarium strains are able 
to partially free celluloses from their lignin mantle, saccharify native 
celluloses and hemicelluloses, and ferment the resulting hexose and pentose 
monomers to ethanol, thus yielding appreciable amounts of ethanol from ligno-
cellulosic feedstock. Therefore, the purpose of our program is to isolate, 
develop and select Fusarium strains that hyperproduce ethanol from a given 
biomass material, as well as to optimize biohydrolysis and fermentation con­
ditions to achieve maximum ethanol yields. This f^^^^/^^;^ " ^ " ;"'"=82 
conducted and results obtained during the period October 1981-March 1982 
(i.e., the first half of FY 1982). 



During ear ly FY 1982, a few add i t i ona l Fusarium i s o l a t e s were obtained 
by using various media (previously d e s c r i b e d ) . ! The new i s o l a t e s were 
screened for the i r c e l l u l o l y t i c and fermenting a b i l i t i e s , and promising iso 
la tes were r e t e s t e d . 

Research focused pr imar i ly on ce l l u lo se hydro lys i s and on fermenta t ion 
of glucose and xylose by se lec ted Fusarium i s o l a t e s . Pre l iminary screenings 
for c e l l u l o l y t i c a b i l i t y were done by the c e l l u l o s e - a g a r t e s t - t u b e c l e a r i n g 
assay, which ident i f ied c e r t a i n i s o l a t e s as p o t e n t i a l e e l l u l o l y z e r s . Fur ther 
t e s t ing of these i so l a t e s indicated tha t t h e i r c e l l u l a s e product ion ranged 
mostly from 0.2 to 0.8 lU/mL a f t e r 14 days of p rocess ing . 

In one study using a Fusarium i s o l a t e from s t r a i n ANL 22-760, c e l l u ­
lose (Solka Floe) was found to be the bes t inducer of FPase ( f i l t e r - p a p e r 
enzyme a c t i v i t y ) , CMCase (carboxymethyl c e l l u l a s e ) , and xy lanase , while g l u ­
cose, l ac tose , and xylose almost completely i nh ib i t ed c e l l u l a s e p roduc t ion . 
The same i s o l a t e , when grown on 1% c e l l u l o s e so lu t i on in the fermentor with 
an aera t ion r a t e of 0.05 v/v min"! , produced 1.0 to 1.4 lU/mL c e l l u l a s e in 
several fermentor runs . This i s o l a t e has served as parent in s eve ra l UV 
i r r ad i a t ion mutation experiments. 

Fusarium ANL 11182, an i s o l a t e derived from UV i r r a d i a t i o n of ANL 8-
72181, was used to optimize fermentor condi t ions for c e l l u l a s e p roduc t ion . 
Tests with t h i s i s o l a t e to determine carbon-source ef fec t on enzyme y i e l d s 
indicated that a c e l l u l a se production of 2.5 lU/mL in 14 days was obtained 
when the medium contained 1% ce l lu lose (Solka F loe ) , 0.02% Tween 80 (a po ly -
oxyethylene s u r f a c t a n t ) , 1 g/L proteose peptone, 1 g/L NH4NO3, and 0.5 g/L 
yeast extract at a temperature of 28°C. The pH, which was l e f t uncont ro l led 
during t h i s t e s t , rose i n i t i a l l y to 6 .7 , then dropped r ap id ly to 3 .7 ; by the 
14th day i t had increased to 5 .2 . Increasing the n i t r ogen content of the 
medium stimulated ce l l growth but decreased c e l l u l a s e product ion . Proteose 
peptone and yeast ex t rac t were not necessary for c e l l u l a s e p roduc t ion , but 
were observed to i n c r e a s e t he y i e l d of c e l l u l a s e when p r e s e n t in sma l l 
amounts. 

Examination of the effect of c e l l u lo se concen t ra t ions on c e l l u l a s e 
yields showed that increasing the ce l lu lose l eve l to 2% caused a decrease of 
FPase ac t i v i t y over a 14-day per iod. Lowering the concen t ra t ion to 0.5% r e ­
sulted in i n i t i a l l y higher r a t e s of FPase a c t i v i t y , but o v e r a l l a c t i v i t y was 
lower than with ce l lu lose concentra t ions of 1%. 

The r a t i o of CMCase to FPase remained near ly constant at about 10:1 
during fermentations with varying concent ra t ions of c e l l u l o s e and d i f f e r e n t 
nitrogen sources, while the r a t i o of xylanase to FPase — normally near 9:1 

increased when supplemental xylan was added to the c e l l u l o s e medium. 

Several of the new Fusarium i s o l a t e s and mutants , when screened for 
fermenting a b i l i t y on glucose, produced ethanol at a conversion e f f i c i ency 
close to that achieved in yeast fermentat ions . Fermentations of 1% glucose 
with i so la tes from s t r a i n ANL 99A-780 repea ted ly produced 4.3 mg/mL ethanol 
within 48 hours. • 

The fermentation of xylose to e thano l , another focus of our s t u d i e s , 
IS d i r e c t e d toward s e l e c t i o n of Fusar ium i s o l a t e s and m u t a n t s t h a t a r e 



capable of efficient fermentation. In consecutive fermentations of 1/ xy­
lose a few of the new isolates and mutants produced up to 4.2 mg/mL ethanol 
within 48 hours. The specially prepared Fusarium inoculum used for these 
fermentations consisted of centrifuged and pelletized spores and cells that 
were derived from a fermentation medium and recycled. 

Fermentation of higher xylose concentrations was tested with some of 
the new isolates and mutants. Isolates from strain ANL 22-760 produced more 
than 8 mg/mL ethanol in 48 hr from 2% xylose solutions. Fermentations of J/. 
xylose solutions initially (in 48 hours) produced lower ethanol yields than 
those from 2% solutions, but by 68 hours the yield level had increased some­
what. 

Addition of glucose to higher concentrations of xylose increased the 
yield of ethanol. For example, fermentation of a solution of 4.5% xylose 
plus 2% glucose produced more than 20 mg/mL ethanol in 72 hours, while higher 
concentrations of xylose reduced the ethanol yield. 





2 INTRODUCTION 

Recorded evidence indicates that selected Fusarium strains are able to 
partially free celluloses from their lignin mantle, saccharify native cellu­
loses and hemicelluloses, and ferment the resulting hexose and pentose mono­
mers to ethanol, thus yielding appreciable amounts of ethanol from lignocel 
lulosic feedstock.2-17 These strains are fungi that have a wide substrate 
range and are armed with a versatile series of enzymes. Like many other fun­
gal strains, they release polysaccharide-splitting enzymes and assimilate the 
derived monomers for their energy and carbon requirements. Furthermore, £^ 
strains seem to be equipped with an efficient enzymatic mechanism that en 
ables them to glycolize and readily ferment monosaccharides. 

Studies of carbon balance, enzymatic activity, and isotope distribu­
tion have indicated that the Embden-Meyerhoff-Parnas, or EMP mechanism func­
tions anaerobically in the £. strains to produce ethanol. •''•> Fusaria are 
known to produce ethanol and carbon dioxide from hexoses m the same ratio as 
that achieved by yeast fermentations.".10'12 Birkinshaw and others^" have 
found that the 23 species of Fusarium they investigated all give appreciable 
amount of ethanol. Many investigators have studied the fermenting ability of 
F oxysporum f. sp. Uni.8.9,11,13,14,17 Pentose fermentation by F. strains 
has been studied by several authors who noted that an appreciable amount of 
ethanol was produced.8.9.13.1^.16.18 Letcher and Willaman" reported that not 
all isolates of a Fusarium species are equally efficient m yielding ethanol. 

Based on this reported ability of Fusarium strains to degrade phyto-
mass and yield ethanol via fermentation, the purpose of our program is to 
isolate, develop, and select Fusarium strains that hyperproduce ethanol from 
biomass, as well as to improve and optimize biohydrolysis and fermentation 
conditions to achieve maximum ethanol yields. This report describes research 
conducted and results obtained during the period October 1981-March 1982, 
i.e., the first half of FY 1982. 





3 RESEARCH EFFORTS AND RESULTS 

D u r i n g t h e f i r s t h a l f of FY 1 9 8 2 , r e s e a r c h f o c u s e d m o s t l y on i s o l a t i n g 
and d e v e l o p i n g new F u s a r i u m i s o l a t e s and s e a r c h i n g among them f o r p o t e n t i a l 
c e l l u l o l y z e r s and g l u c o s e - and x y l o s e - f e r m e n t e r s . These e f f o r t s and t h e i r 
r e s u l t s a r e d e s c r i b e d b e l o w . 

3 . 1 ISOLATION AND DEVELOPMENT OF FUSARIA 

A d d i t i o n a l F u s a r i u m i s o l a t e s w e r e o b t a i n e d from s o u r c e s such as s o i l , 
p l a n t d e b r i s , r o o t s , and p a r t i a l l y d e l i g n i f i e d wood. The i s o l a t i o n medium 
was a m o d i f i c a t i o n of t h a t u s e d by M a r t i n i s and P a p a v i z a s ^ U and c o n t a i n e d 
10 .0 g d e x t r o s e , 5 . 0 g p e p t o n e , 0 . 5 g K2HPO4, 0 . 0 5 g r o s e b e n g a l , 0 . 0 3 g 
s t r e p t o m y c i n , 0 . 5 g p e n t a c h l o r o n i t r o b e n z e n e (PCNB), and 1 5 . 0 g a g a r p e r 
l i t e r . F u s a r i u m c o l o n i e s were t r a n s f e r r e d t o p o t a t o - d e x t r o s e - a g a r (PDA) fo r 
i d e n t i f i c a t i o n and t h e n i n o c u l a t e d on PDA s l a n t s fo r m a i n t e n a n c e and f u t u r e 

use . 

U l t r a v i o l e t i r r a d i a t i o n was u s e d t o i n d u c e m u t a t i o n in F u s a r i u m c u l ­
t u r e s i n an a t t e m p t t o d e v e l o p m u t a n t s s u p e r i o r t o t h e p a r e n t i s o l a t e s in 
s a c c h a r i f y i n g c e l l u l o s e and f e r m e n t i n g s u g a r s t o e t h a n o l . Samples of t h r e e -
to f i v e - d a y - o l d l i q u i d c u l t u r e s i n 1% S o l k a f l o e were m i l d l y c e n t r i f u g e d t o 
remove r e s i d u a l c e l l u l o s e and m y c e l i u m and t o o b t a i n a s p o r e s u s p e n s i o n . 
T h i s s p o r e s u s p e n s i o n was a g a i n c e n t r i f u g e d , and t h e r e s u l t i n g p e l l e t was 
washed and s u s p e n d e d . The s p o r e c o u n t was a d j u s t e d t o 4 m i l l i o n s p o r e s / m L 
wi th s t e r i l e d i s t i l l e d w a t e r . A 5-mL a l i q u o t of t h e s p o r e s u s p e i i s i o n was 
p l a c e d i n a g l a s s p e t r i d i s h and exposed t o u l t r a v i o l e t r a d i a t i o n ( 254 nm) . 
I r r a d i a t e d s p o r e s u s p e n s i o n s were t h e n d i l u t e d and s p r e a d on c e l l u l o s e - a g a r 
p l a t e s . P l a t e s were i n c u b a t e d a t 30°C f o r t h r e e t o f i v e d a y s and t h e n a t 
50°C o v e r n i g h t and examined f o r c l e a r i n g z o n e s a round d e v e l o p i n g c o l o n i e s . 

Most of t h e o b t a i n e d i s o l a t e s a r e of t h e F u s a r i u m oxysporum t y p e . A l l 

new i s o l a t e s and m u t a n t s were t e s t e d f o r t h e i r a b i l i t y t o h y d r o l y z e c e l l u l o s e 

and f e rmen t g l u c o s e and x y l o s e . 

3.2 POTENTIAL CELLULOLYTIC FUSARIA 

New i s o l a t e s and mutants were tes ted for c e l l u l o l y t i c a c t i v i t y in the 
c e l l u l o s e - a g a r - t e s t - t u b e - c l e a r i n g assay of Rautela and Cowling.21 All showed 
an a b i l i t y to hydrolyze c e l l u l o s e , and a few i s o l a t e s and mutants were s e ­
lected for fu r the r screening based on the r a t e and depth of c l e a r i n g . The 
selected i s o l a t e s were t e s ted for e x t r a c e l l u l a r product ion of c e l l u l a s e in 
200 mL of mineral s a l t media conta in ing 1% Solka Floe + O.U proteose peptone 
(PP) + 0.1% yeas t ex t r ac t (YE) + 0.02% Tween 80 (a polyoxyethylene su r f ac ­
tan t ) in 500-mL f l a s k s ; a g i t a t i o n was used. Enzyme product ion in t h i s t e s t 
ranged as high as 0.8 lU/mL a f t e r 14 days of c e l l u l o s e h y d r o l y s i s . 

In one study using Fusarium s t r a i n ANL 22-760, i t was found tha t c e l ­
lulose (Solka Floe) was the bes t inducer of FPase ( f i l t e r - p a p e r enzyme a c ­
t i v i t y ) CMCase, and xy lanase , while g lucose , l a c t o s e , and xylose almost 
completely i nh ib i t ed product ion of these enzymes (Table 1) . The same s t r a i n . 



Table 1 Effect of Carbon Source on Yields of Ce l lu l a se 
(FPase), Carboxymethyl Cel lu lase (CMCase), and 
Xylanase by Fusarium S t r a i n ANL 22-760 
(in lU/mL) 

Carbon Source FPase CMCase Xylanase 

1% Cellulose (SW-40) 1-1 H - ? 9.4 

1% Carboxymethyl Cel lulose 0.1 0.7 0.0 

0.25% Cellobiose 0.1 0.0 0.4 

0.25% Xylan 0.1 0.6 6.0 

0.25% Xylan + 1% SW-40 1.0 6.7 14.8 

1% Glucose 0.1 0.0 0.1 

1% Lactose 0.0 0.0 0.0 

1% Xylose 0.1 0.0 0.2 

when grown in a 1% ce l lu lose so lu t ion in the fermentor with an a e r a t i o n 
ra te of 0.05 v/v min"l , produced 1.0 to 1.4 lU/mL c e l l u l a s e in severa l f e r ­
mentor runs . 

Fusarium s t r a i n ANL 11182, an i s o l a t e derived from UV i r r a d i a t i o n of 
ANL 8-72181, was used to optimize fermentor condi t ions for c e l l u l a s e produc­
t ion. Tests with t h i s i so l a t e to determine carbon-source ef fec t on enzyme 
yields indicated tha t a c e l l u l a se production of 2.5 lU/mL in 14 days was ob­
tained (Figure 1) when the medium contained 1% c e l l u l o s e (Solka F l o e ) , 0.02% 
Tween 80, 1.0 g/L proteose peptone, 1.0 g/L NH4NO3, and 0.5 g/L yeas t e x t r a c t 
at a temperature of 28°C. The pH, which was l e f t uncontrol led during t h i s 
t e s t , rose i n i t i a l l y to 5.7, then dropped rap id ly to 3 .7 ; by the 14th day i t 
had increased to 5.2. Increasing the n i t rogen content of the medium s t imu­
lated ce l l -popula t ion growth but decreased c e l l u l a s e y i e l d s . Pro teose pep­
tone and yeast extract were not necessary for c e l l u l a s e p roduc t ion , but 
caused ce l lu lase yie lds to increase when present in small q u a n t i t i e s . 

As Figure 1 shows, the r a t i o of CMCase to FPase remained nea r ly con­
stant at about 10:1 during fermentations with varying concen t ra t ions of 
cel lulose and d i f fe ren t ni t rogen sources , while the r a t i o of xylanase to 
FPase — normally at about 9:1 - - increased when supplemental xylan was added 
to the ce l lu lose medium. 

Results of experimentation on the effect of c e l l u l o s e concen t r a t i ons 
on ce l lu lase y ie lds are i l l u s t r a t e d in Figure 2. Increas ing the c e l l u l o s e 
level to 2% caused a decrease of FPase a c t i v i t y over a 14-day pe r iod . Lower­
ing the concentrat ion to 0.5% resu l t ed in i n i t i a l l y h igher r a t e s of FPase 
a c t i v i t y , but overal l a c t i v i t y was lower than with c e l l u l o s e concen t r a t i ons 
of 1%. 

The lag time between inocula t ion of the medium in the fermentor and 
detectable ce l lu lase production is not shortened s a t i s f a c t o r i l y v i a d i f f e r e n t 
inoculation procedures, n u t r i e n t l e v e l s , n i t rogen sources , c e l l u l o s e concen­
t r a t i ons , or ae ra t ion . Further s t u d i e s , t h e r e f o r e , have been scheduled in an 
attempt to decrease th i s lag t ime. 
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3.3 EFFECTIVE SUGAR-FEEMENTING FUSARIA 

During this six-month period, efforts were concentrated on screening 
the new Fusarium isolates and mutants for their ability to ferment glucose 
and xylose to ethanol. Cultures of the new Fusaria to be screened were main­
tained on PDA petri dishes. Inoculum for 500-mL fermentations was grown for 
three days in 250-mL flasks, after which 100 to 150 mL of the liquid culture 
was centrifuged; the resulting pellet was used for inoculation. The fer­
mentor medium was adjusted to pH 5.0-5.2 with hydrochloric acid after steril­
ization and left uncontrolled for the duration of fermentation. Ethanol and 
acetic acid determinations were made on a Varian 3700 gas chromatograph with 
a 6-ft-long, 0.25-in.-o.d. glass column packed with Porapak Q. Injection 
temperature was 210°C, column temperature was 163°C, and the flame-ionization 
detector was maintained at 220°C. 

3.3.1 Glucose Fermentation 

Several of the new Fusarium isolates and mutants, when screened for 
their fermenting ability on glucose, produced ethanol at a conversion effi­
ciency close to that achieved in yeast fermentations. Fermentations of 1/c 
glucose with isolates from strain ANL 99A-780 repeatedly produced 4.3 mg/mL 
ethanol within 48 hours. Higher concentrations of glucose were fermented in 
combination with xylose, and results are reported below. These results 
verified the fact that among the new isolates and mutants there are potential 
fermenters of glucose to ethanol. 

3.3.2 Xylose Fermentation 

Another main interest of our studies, the fermentation of xylose to 
ethanol, focused mainly on selection of Fusarium isolates and mutants capable 
of efficient fermentation and optimization of fermentation parameters. In 
consecutive fermentations of 1% xylose, a few of the new isolates and mutants 
produced up to 4.2 mg/mL ethanol within 48 hours. The Fusarium inoculum used 
for these fermentations was specially prepared by centrifuging and pelle iz-
ing spores and cells from a fermentation medium; the inoculum was recycled. 

Fermentation of higher xylose concentrations was tested with some of 
the new isolates and mutants. Isolates from strain ANL ""760 produced more 
than 8 mg/mL ethanol in 48 hours from 2% xylose solutions, as Figure 3 shows. 
Fermentations of 3% xylose solutions by the same isolates initially produced 
(within 48 hours) lower ethanol yields than those from U solutions, but by 
68 hours the yield level was increased somewhat. 

Addition of glucose to higher concentrations of Y^^^^^^^^^^f^^^^" 
yield of ethanol. For example, fermentation of a 4.5% xylose plus 2/ glucose 
lotition produced more than 20 mg/mL ethanol in " ,^--' ^ ^^^,^^\^^^/^3=,°^; 
centrations of xylose reduced the ethanol yield (Figure 3). These resuts 
agree with those obtained during previous experimentations " J V ^'n 
Further studies will focus on use of higher concentrations of xylose, as well 
as different levels of glucose, to determine the optimum combination of 
xylose and glucose percentages in a solution that provides maximum ethanol 
yields when fermented by selected Fusarium strains. 



12 

20 

16 

e 
~M 12 

4.5% Xylose 
I'i Glucose 

HOURS 

Fig. 3 Ethanol Yield (mg/mL) during Fermentation of 2% Xylose, 
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4 RESEARCH PERSPECTIVES 

As a continuation of this program, research will concentrate primarily 

on the following areas: 

• Isolation of Fusarium strains that are capable of decom­
posing plant macromolecules for monosaccharide production. 

• Selection of Fusarium strains that show superior ligno-

cellulolytic ability. 

• Genetic manipulation of Fusaria to develop superior lig-
nocellulolytic and hexose- and pentose-fermenting strains. 

• Determination of optimal parameters for better biomass 

saccharification and fermentation. 

• Identification of end-product concentrations tolerable by 

Fusarium strains. 

• Identification and quantification of enzymes involved and 

stimulation to increase and accelerate enzyme yield by 

Fusaria. 

• Identification of synergistic and/or complementary ac­
tions of selected Fusarium strains and other microorgan­
isms in saccharifying and fermenting biomass. 
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